Leading and trailing edge effects on the aerodynamic performance of compliant aerofoils by Arbos-Torrent, S et al.
Leading and trailing edge eﬀects on the aerodynamic
performance of compliant aerofoils
S. Arbo´s-Torrent∗, Z. Y. Pang†, B. Ganapathisubramani‡and R. Palacios §
Imperial College London, London SW7 2AZ, UK
The geometry of the rigid leading and trailing edges that hold the membrane could
aﬀect the aeromechanic performance of membrane wings. In this study the interaction
between the supports and a membrane aerofoil is explored. Tests are performed at low
Reynolds numbers, Re = 9×104, and incidences of 2◦ - 22◦. Four diﬀerent leading and trailing
edge geometries have been analysed focusing on the unsteady characteristics of the wake
and the structural vibration of the membrane. Results indicate that the wake’s shedding
frequency is dependent on membrane’s support geometry for low angles of attack (α), but
is independent for higher values of α. Moreover, it has been found that the aeroelastic
coupling between vortex shedding and membrane vibration interact, exciting the natural
frequency modes of the membrane support. Hence, the results suggest that the leading
and trailing edge geometry plays a crucial role on the overall performance of the membrane
aerofoil.
I. Introduction
There is great interest in the aeromechanics of membrane wings, primarily due to its potential application
to Micro Air Vehicles (MAV ). Although research is mainly driven by their potential use in military applica-
tions, MAVs can also be used for civil purposes such as mapping, rescue missions or remote observation of
hazardous, inaccessible environments.
The desired ﬂight regime for MAVs prove to be technically very challenging due to the occurrence of a
variety of complex aerodynamic phenomena. These include low Aspect Ratio (AR) wings that operate at
Low Reynolds numbers, high incidences and in highly unsteady environments, where the wind gusts are of
the same order of magnitude as their operating velocity (Shyy et al.1).
Nature has served as inspiration in our eﬀort to overcome the aforementioned adverse phenomena. For
example, bats are an excellent case study since they are the most eﬃcient ﬂyers for MAVs desired ﬂight
conditions and sizes (Winter and Von Helversen2). This is primarily because they posses membrane wings
that allow high manoeuvrability, agility and delay stall. Therefore, a variety of researchers have examined
the aerodynamics of membrane wings in order to better understand their behaviour.
Recent studies by Shyy et al.3 and Tamai et al.4 have reported that membranes are very eﬀective
passive control devices due to their shape adaptability. The wing deformation prevents ﬂow separation and
enhances lift-to-drag ratios. Other studies by Galvao et al.,5 Song et al.,6 Song et al.,7 Song and Breuer8
and Rojratsirikul et al.9 have also shown that membrane wings delay stall by as much as 10 degrees. Ifju
et al.10 showed that ﬂexibility supplies a certain measure of gust rejection, delays the onset of stall and
smoothens the post-stall behaviour.
Experimental work carried out by Rojratsirikul et al.9 has shown that the mean membrane shape is not
very sensitive to the change in angle of incidence, α. Gordnier11 also reported that the membrane’s mean
camber increases with Reynolds number. The membrane mean deﬂection is almost symmetrical for low
incidences. However, as the angle of attack is increased, the point of maximum camber moves forwards and
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the membrane becomes more asymmetric. Nonetheless, for angles of attack greater than 15◦, movement of
the point of maximum camber is found to reverse and move aft. Song and Breuer8 showed that membrane
deﬂection could be successfully approximated by a parabola and they presented a simple theoretical model
to predict the membrane camber due to the aerodynamic loading. The model assumes that the membrane
behaves like a linearly elastic material with Young’s modulus, E, which is independent of strain. However, in
reality, membranes have a strain dependent Young’s modulus and exhibit an inverted J-shape stress-strain
curve. The model showed excellent agreement between the membrane model and the experimental results.
Our work explores this assumption and compares the point of maximum camber found with the ones found
in the previously mentioned studies and tries to bring light into how the mean membrane deformation might
be aﬀected by the leading and trailing edge supports.
Rojratsirikul et al.9 also found that the amplitude and mode of vibration of the membrane depended
on the relative location and magnitude of the unsteadiness of the separated ﬂow. Strong coupling between
the membrane oscillation and the vortex shedding at the wake, specially for post-stall incidences has been
reported by Song and Breuer,8 Gordnier11 and Rojratsirikul et al.9
Yarusevych et al.12 has shown that the vortex shedding frequency for symmetrical aerofoils has a linear
dependancy on Reynolds numbers at low Reynolds numbers. They also found that the Strouhal number of
the wake vortex shedding may increase signiﬁcantly in this regime. (As opposed to the nearly constant values
recorded for bluﬀ bodies at higher Reynolds numbers). The study argues that at low Reynolds numbers
shear layer roll-up vortices can propagate further downstream and may inﬂuence wake vortex shedding
characteristics. Hence, more insight is needed on how the wake vortex shedding frequency behaves for a
compliant membrane wing subject to low Reynolds number ﬂows. Especially since the characteristics of
vortex formation depend on surface pressure distribution which is in turn altered by the shape of the leading
and trailing edges.
Tamai et al.4 studied the eﬀects of membrane ﬂexibility on the aerodynamic performance of a membrane
wing. It was found that the more ﬂexible wings have better stall performance but are more prone to experi-
encing trailing edge ﬂutter, which resultes in a dramatic drag increase. However, the aforementioned study
had a completely free to adapt trailing edge whereas all previous work used models that had a trailing edge
support, albeit diﬀerent geometries (see ﬁgure I). This fact, together with the ﬁndings by Gordnier,11 which
suggested that the rigid membrane mount used in the experiments directly inﬂuenced the structure of the
leading edge separation, indicate that the membrane support might have direct consequences on the mem-
brane aerofoil performance. Hence, in this study we attempt to qualify and quantify the inﬂuence of leading
and trailing edge supports on the overall aerodynamic performance as well as on the wake characteristics.
(a) Song et al.6 (b) Rojratsirikul et al.9
Figure 1. Leading and trailing edges used in previous studies. Song et al.6 and Rojratsirikul et al.9
II. Experimental facility and details
All the experiments were conducted in a closed-loop wind tunnel at the Department of Aeronautics
Imperial College London. The tunnel had a cross section of 18” by 18” (i.e. 457.2mm by 457.2mm) and a
free-stream turbulence no grater than 0.1%. A Proportional Integral and Diﬀerential (PID) controller was
used in order to correct for the blockage of the tunnel and to maintain the freestream velocity ﬂuctuations
below 0.2% at all times.
A latex membrane wing of Aspect Ratio 2.31, span 300mm and thickness 0.16mm was placed in the wind
tunnel by means of a frame and end plates (see ﬁgure 2(a)). The membrane was wrapped around the leading
and trailing edges and attached using double sided tape.
The leading and trailing edges, of varying geometries (see table 1), ran along the whole span of the wing
and were ﬁxed at the end plates. Note that there was a small gap between the end plates and the membrane
of 2mm.
The end-plates were welded to a shaft which was connected to a servo motor that allowed to adjust the
2 of 16
American Institute of Aeronautics and Astronautics
(a) Frame setup (b) Membrane attachment
Figure 2. Experimental setup. Frame structure and membrane-Leading-Trailing Edge attachment.
desired angle of attack with an accuracy of 0.01◦.
Table 1. Leading and Trailing edge support characteristics
Cross-sections
Material Silver Steel Silver Steel Silver Steel Silver Steel
Width/Diameter 3mm 5mm 3mm 5mm
Thickness - - 1mm 1mm
Length 300mm 300mm 300mm 300mm
Supported area to chord ratio 4.61% 7.7% 4.61% 7.7%
Support to membrane thickness ratio 18.75 31.25 6.25 6.25
The vortex shedding was analysed using a hot-wire scan one chord length downstream of the wing (see
ﬁgure 3). The scan was performed using in-house manufactured platinum-rhodium wire that was traversed
over a distance of 98mm in 2mm spacing. The results were converted to velocity using a 4th order polynomial
calibration curve. The sampling rate was of 6000Hz and ﬁltered at 3000Hz to avoid aliasing.
Figure 3. Transverse Setup
Hot-wire scans were performed for angles of attack of 2◦ to 22◦ at increments of 2◦ at 10m/s. The
corresponding chord Reynolds number was Re = 9.2× 104.
The membrane vibrations were measured using high speed photogrammetry. The setup is depicted in
ﬁgure 4. A white line was inscribed along the chord at the middle of the wing span. The motion of this white
line was captured using a high speed camera (Phantom v6.1). The images were recorded at 1200 frames per
second at a resolution of 1024× 512 pixels. Note that the camera was placed at an angle due to the lack of
optical access from the side-view. Consequently, a Direct Linear Transformation (DLT) calibration was used
to obtain the one to one mapping relationship between the real plane and the image plane. This calibration
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Figure 4. Imaging Setup
was performed by placing a grid of dots (with known dot spacing) in the plane of interest. The algorithm
implemented can be found in Hartley.13 It must be noted that this procedure assumes the absence of 3D
eﬀects and that the membrane deﬂections about the centreline are only in the vertical plane.
III. Results and Discussion
A comparison of the results obtained for the same Reynolds number but for diﬀerent edge designs and
angles of attack is presented. The chord based Reynolds number is of 9× 104.
III.A. Wake Analysis
III.A.1. Wake Proﬁle Analysis
Figure 5 displays wake proﬁles for diﬀerent angles of attack for four diﬀerent leading-and-trailing edge
geometries.
(a) 3mm Round (b) 5mm Round
(c) 3mm Flat (d) 5mm Flat
Figure 5. Wake velocity proﬁles comparison for diﬀerent leading and trailing edges at diﬀerent angles of attack.
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Figure 5 shows that the wake broadens as incidence is increased regardless of the leading-and-trailing
edge geometry. Furthermore, the maximum wake deﬁcit position displaces vertically as the angle of attack
increases. This displacement can be further explored by examining the maximum value of the wake deﬁcit
as well as the vertical location of this deﬁcit. Figures 6(a) and 6(b) show the maximum wake deﬁcit and its
location as a function of angle of attack, respectively, for all four leading-and-trailing edge geometries. It
can be clearly seen that both maximum wake deﬁcit as well as its location depend on geometry.
Moreover, the wake produced by the round geometry models appears to displace more on the vertical
direction and at a higher rate than the ﬂat geometry models, as depicted in ﬁgure 6(a). This can also be
observed by comparing ﬁgures 5(a) and 5(c). For example, for the 3mm round case the maximum wake
deﬁcit has a maximum travelled length of y/c ≈ 0.4 whereas for the 3mm ﬂat case the maximum travelled
length is of y/c = 0.25, i.e. 37.5% diﬀerence. Finally, ﬁgure 6(a) also shows that the rate of change of the
maximum wake deﬁcit position is higher for the round cases that for the ﬂat ones.
(a) Maximum wake deﬁcit location variation with α (b) Maximum wake deﬁcit value variation with α
Figure 6. Maximum wake deﬁcit characteristics variation with incidence.
Furthermore, the wake of both 3mm geometries, i.e. round and ﬂat, is smaller than that of the 5mm
models. This behaviour is to be expected as a reduction in leading and trailing edge size results in a more
streamlined body; hence, the vortices shed by both leading and trailing edge are smaller. Another feature
to note is that the wake of the 3mm conﬁgurations becomes broader at a later incidence when compared
to their 5mm counterparts. This is also consistent with the fact that larger leading and trailing edges will
encourage separation at an earlier stage.
III.A.2. Wake Spectra Analysis
The hot-wire anemometry scans used to obtain the wake proﬁles were also used to obtain the spectral
characteristics of the wake.
Firstly, a vertical location was chosen, (y/c = 0.3), and the spectra at that point for a given leading-and-
trailing edge geometry and varying incidence was plotted as shown in ﬁgure 7.
However, this traditional plotting technique is restrictive, only allowing the analysis of one vertical
location at a time. Nonetheless, these allow us to isolate some characteristic diﬀerences between the diﬀerent
geometries. For example, by comparing ﬁgure 7(a) with 7(c) and 7(b) with 7(d) it can be seen that round
edges produce narrower higher peaks, whereas ﬂat geometries produce broader smaller peaks. It can also be
seen that the reduced frequency at which the peaks occur is greatly aﬀected by the geometry.
Figure 8 shows the reduced frequency, St, at which the peaks occur for a range of angles of attack. The
ﬁgure also includes the curves for Stα = 0.16 and Stα = 0.22, see equation 1. The modiﬁed version of the
Strouhal number,Stα, has been included in order to be able to compare our results with those of previous
studies by Rojrasirikul et al.14 as well as with those of ﬂat plates and thin aerofoils. It should be noted that
the deﬁnition of Stα is based on the distance between the leading-and-trailing edges and has been often used
in literature15 ,.9 Moreover, it has been reported to be constant and within the range 0.16 ≥ Stα ≥ 0.22 for
ﬂat plates and thin aerofoils Stα (Fage and Johansen,
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(a) 3mm Round (b) 5mm Round
(c) 3mm Flat (d) 5mm Flat
Figure 7. Wake normalised spectra at vertical location y/c = 0.3 for diﬀerent angles and diﬀerent leading and trailing
edges.
Figure 8. Variation with α of the peak reduced frequency, St of the wake .
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The vortex shedding frequency at high α has been found to collapse between 0.4 ≤ St ≤ 0.6, which is
slightly higher than the results presented by Rojrasirikul et al.14 For example, at α = 20◦ the percentage
diﬀerence between the results presented in this paper and the data by Rojrasirikul et al.14 is ±10% depending
on the leading-and trailing edge geometry compared. This suggests that this diﬀerence is due to the diﬀerent
leading-and-trailing edge geometries used in the studies. The results obtained for high α, especially for the
5mm ﬂat geometry, are within the bounds for rigid aerofoils Stα = 0.16 − 0.22, depicted as magenta lines
in ﬁgure 8. This indicates that at high angles of attack the membrane has the shedding characteristics of a
fully stalled rigid aerofoil. This might be due to the membrane stiﬀening under high loads. Throughout the
whole α range studied, the 5mm ﬂat has been the geometry which has shown the most similar behaviour to
that of ﬂat plates. Moreover, it should be noted that the trend mismatch seen at angles of attack of 6◦ and
10◦ for the 5mm ﬂat case is due to the existence of several, close valued, energy peaks. The average value of
these peak frequencies better ﬁts the general asymptotic trend.
Figure 8 also shows that for a small α the vortex shedding is highly dependant on the leading-and-trailing
edge geometry (diﬀerences of over 90% between diﬀerent geometries) whilst for high incidences the wake’s
reduced frequency becomes geometry independent.
In order to better compare the spectral characteristics of the wakes, the pre-multiplied energy is plotted
as a function of both Strouhal number and vertical location. This results in a 2D spectrogram in which the
x-axis is the strouhal number and y-axis is the vertical location in the wake. This type of plot allows us to
compare the spectral content across diﬀerent vertical locations simultaneously.
Figures 9 to 14 show the 2D spectrogram for diﬀerent leading-and-trailing edge geometries for diﬀerent
angles of attack. Clear diﬀerences can be seen for the diﬀerent edge geometries. Not only the predominant
frequency is diﬀerent but also the type of peak, distinct or broad, and its location in the vertical direction.
It can clearly be seen that the overall energy displayed is greater and broader for the round geometries
albeit the actual peaks are broader for the ﬂat cases and very narrow banded for the round cases.
Furthermore, twin peaks are observed and believed to be caused by the two distinct vortex shedding, one
from the leading edge, the higher peak, and the other from the trailing edge, the lower peak.
More speciﬁcally, by comparing ﬁgures 9(a) to 14(a) with ﬁgures 9(b) to 14(b) it can be seen that from
α = 2◦ to α = 10◦ the 5mm round proﬁle has the most energised wake. At α = 14◦ the 3mm round wake
dramatically broadens and increases in energy content. However, from α ≥ 18◦ the wake of the 5mm round
geometry becomes very broad and more energised than the 3mm round one.
Comparison between ﬁgures 9(c) − 14(c) and 9(d) − 14(d) shows that for 2◦ ≥ α ≥ 6◦ the wake of the
3mm ﬂat leading-and-trailing edge is broader than that of the 5mm ﬂat although the energy peak value is
higher for the 5mm ﬂat case. Figures 11(c) to 14(c) and 9(d) to 14(d) also show that for α ≥ 10◦ the 5mm
ﬂat wake contains more energy than the 3mm ﬂat one.
Overall, ﬁgures 9 to 14 show that the wakes produced by the 5mm geometries are more energised than
their 3mm counterparts. Moreover, the wakes produced by round leading-and-trailing edges are broader than
those produced by their corresponding ﬂat geometries. In addition, a dramatic wake broadening and energy
increase is seen for all geometries, although it occurs at diﬀerent angles of attack. This sudden broadening
and energising of the wake is consistent with the wake proﬁle shapes and maximum wake deﬁcit value shown
in ﬁgure 5. The peak power increases with α and it is hardly aﬀected by leading-and-trailing edge shape or
size.
(a) 3mm Round (b) 5mm Round (c) 3mm Flat (d) 5mm Flat
Figure 9. Wake spectra contour for α = 2◦ for four diﬀerent leading and trailing edges
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(a) 3mm Round (b) 5mm Round (c) 3mm Flat (d) 5mm Flat
Figure 10. Wake spectra contour for α = 6◦ for four diﬀerent leading and trailing edges
(a) 3mm Round (b) 5mm Round (c) 3mm Flat (d) 5mm Flat
Figure 11. Wake spectra contour for α = 10◦ for four diﬀerent leading and trailing edges
(a) 3mm Round (b) 5mm Round (c) 3mm Flat (d) 5mm Flat
Figure 12. Wake spectra contour for α = 14◦ for four diﬀerent leading and trailing edges
(a) 3mm Round (b) 5mm Round (c) 3mm Flat (d) 5mm Flat
Figure 13. Wake spectra contour for α = 18◦ for four diﬀerent leading and trailing edges
(a) 3mm Round (b) 5mm Round (c) 3mm Flat (d) 5mm Flat
Figure 14. Wake spectra contour for α = 22◦ for four diﬀerent leading and trailing edges
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III.B. Membrane analysis
III.B.1. Instantaneous camber
Figure 15 shows a sample of camber proﬁles obtained via DLT for diﬀerent leading and trailing edges at
the same α and Re from which the mean camber was obtained. The ﬁgures show the extent of membrane
vibrations and diﬀerent mode shapes that may be present. The results are consistent with other studies in
the literature (Rojrasirikul et al.14).
(a) 3mm Round (b) 5mm Round (c) 3mm Flat (d) 5mm Flat
Figure 15. First 50 samples of instantaneous camber proﬁles obtained via DLT at Re = 9× 104 and α = 10◦.
The ﬂow in all the ﬁgures presented is from left to right. Thus, x/c = −0.5 is the leading edge and
x/c = 0.5 is the trailing edge of the membrane aerofoil.
III.B.2. Mean camber
(a) 3mm Round (b) 5mm Round (c) 3mm Flat (d) 5mm Flat
Figure 16. Mean camber proﬁles obtained via DLT.Re = 1.4× 105 for various α.
Figure 16 depicts the mean camber found for angles of attack between 2◦ and 14◦ for four diﬀerent
leading-and-trailing edge geometries at a chord based Reynolds number of 9 × 104. In general terms the
maximum deﬂection can be seen to increase with α regardless of the leading-and-trailing edge geometry.
However, the deﬂection increase is more substantial for round cases than for ﬂat ones. For clarity, the results
have been summarised in ﬁgure 17 which depicts the evolution of the maximum point of camber (i.e. xymax ,
ymax) with α.
(a) Maximum membrane deﬂection,ymax, variation
with α.
(b) Chord-wise location of maximum camber
point,xymax , variation with α.
Figure 17. Variation of mean camber characteristics with α for diﬀerent edge geometries. Re = 9× 104.
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From ﬁgure 17(a) it can be seen that the cross section shape of the leading-and-trailing edge has a greater
aﬀect on ymax than the size of the membrane support. Flat geometries exhibit greater camber deformation
than round ones and are hardly aﬀected by α which is consistent with the ﬁndings of Rojrasirikul et al.?
The round leading-and-trailing edges, on the other hand, display an S-shaped camber for low incidences.
The S-shape of the 5mm round and the 3mm round occurs in opposite directions to one another. However,
as angle of attack increases the membrane starts deﬂecting in a more parabolic shape. Furthermore, once
the round leading-and trailing edge models are in the parabolic deformation regime the increase in ymax is
linearly dependant on α. It should be noted that the use of a larger membrane support results in a mild
increase of maximum membrane camber.
Figure 17(b) shows the variation with incidence of the chord-wise location of the maximum point of
camber, xymax . For ﬂat conﬁgurations xymax remains nearly constant, at mid chord for the 3mm ﬂat and
just upstream of c/2 for the 5mm ﬂat. The size of the support is seen to aﬀect the location of the maximum
point of camber by about 10% on the ﬂat geometries. Round leading-and-trailing edges have a sudden change
of xymax position at low incidences due to the previously mentioned inversion of the camber. However, once
the camber has reached a parabolic shape the position of xymax remains approximately constant for the
α ranges studied. The xymax values for both 5mm round and 3mm round tend to asymptote to the same
value; hence, becoming size independent. Note, that the 5mm round xymax location moves aft whilst the
3mm round one moves forwards.
III.B.3. Vibrations Spectra Analysis
The membrane oscillations with respect to the mean camber were also studied by performing a spectral
analysis using the time-series of membrane deﬂections obtained from high-speed photogrammetry.
Figure 18 shows the characteristics of the maximum reduced frequency of the membrane, Stm, for a
number of angles of attack and for four diﬀerent leading-and-trailing edge geometries. Where Stm is the
Strouhal number that contains the maximum membrane vibration energy.
Figure 18(a) shows the Stm variation with angle of attack. It can be seen that there is a substantial
eﬀect of the leading-and-trailing edge geometry onto the membrane St. No clear trends can be seen at ﬁst
sight. However, it has been noticed, when comparing ﬁgure 18(a) with ﬁgures 9 to 14 that, regardless of
the geommetry, whenever there is an increase and broadening of the wake energy the Stm tends to decrease.
This suggests that coupling between the membrane and the wake exists. Furthermore, the St number at the
wake has been seen to asymptote to a constant value as angle of attack increases. Preliminary signs of this
behaviour occurring at the membrane can be seen; however, more data is needed for α ≥ 15◦ to draw any
conclusions.
Figure 18(b) depicts the chord-wise position at which the peak Stm occurs. It can be seen that as angle
of attack increases all geomtries but one, the 3mm round, tend to asymptote to the same value, x/c = 0.3.
The sudden change in chord-wise location for low α for the 5mm round is probably due to the change from
S-shape membrane deformation to parabolic membrane deformation. The proﬁle is almost symmetric and
the location of the second highest peak is in agreement with the trend established by its two neighbouring
points. Hence, the trend would remain constant and is forward of the mid chord for low incidences and move
aft when increasing to moderate α.
In order to better compare the spectral characteristics of membrane oscillation the pre-multiplied energy
is plotted as a function of both Strouhal number and chord-wise location. This results in a 2D spectrogram
in which the x-axis is the Strouhal number and y-axis is the normalised chord-wise location on the mem-
brane. This type of plot allows us the compare the spectral content across diﬀerent chord-wise locations
simultaneously.
Figures 19 to 25 depict the 2D spectrogram of the membrane for diﬀerent leading-and-trailing edge
geometries for diﬀerent angles of attack. It becomes clear that membranes supported by 3mm size leading-
and-trailing edges are more energised and display a broader frequency range of excitation than the 5mm pair.
The membrane deﬂection energy and its modes increase with incidence regardless of the geometry studied.
In addition, most of the energy is concentrated near the trailing edge, it is also in that region where the new
modes ﬁrst appear.
Figures 19 to 25 also show that the frequencies at which the membrane vibrates when at low α lie between
1 ≤ Stm ≤ 7 and that this range is increased as incidence increases becoming 0.3 ≤ Stm ≤ 10 for higher
α. Moreover, whilst performing the experiments it was seen that the supports, especially the ones with a
rectangular cross-section, experienced some degree of vibration along the span. Therefore, it was thought
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(a) Peak Stm variation with α (b) Peak Stm position variation with α
Figure 18. Variation with α of the membrane peak reduced frequency, value and chord position.
that the range of frequencies at which the membrane vibrated might have been within the bounds of some of
the natural frequencies of the leading-and-trailing edge supports. Note that if the natural frequency of the
support is close to the membrane vibration frequency then there could be a vibrational coupling between the
support and the membrane. This could lead to a dramatic change on the overall behaviour of the membrane.
Hence, becoming a three dimensional problem rather than a two dimensional one.
Thus, the natural frequencies of the diﬀerent supports were found for their ﬁrst ﬁve modes and are shown
in table 2.
For the analysis of the natural frequency modes of the supports the leading and trailing edges are assumed
to be simply supported beams. This is a valid assumption, despite the leading and trailing edges being held
at the end plate ﬁrmly, because a thin ﬂat section will be able to experience torsion at the support points,
due to both manufacturing tolerances and its cross section properties.
The frequencies for the diﬀerent modes of vibration for a uniform beam with both ends simply supported








Kn is a constant which is given by the mode and the beam boundary conditions. In equation 2 E is
the modulus of elasticity, I the area moment of inertia, l the length of the beam and w the weight of the
structure analysed.
Three sets of results were computed. One which only took the weight of the support into account, one
which took the weight of the support plus half the weight of the membrane, assuming that the weight of
the membrane was evenly distributed between the leading edge and the trailing edge and ﬁnally, one that
accounted for the weight of the support plus the weight of the whole membrane. The membrane weight
was included as it is of the same order of magnitude as the weight of the support, especially for the ﬂat
geometries. Note that half the membrane weight corresponds to 44.4% and 27.52 % of the weight of 3mm
ﬂat and 5mm ﬂat supports respectively; hence, it cannot be neglected. On the other hand, the weight of the
membrane is only 5.75% and 2.2% of the weight of the 3mm round and 5mm round supports respectively.
Thus, showing that the geometry of the supports will play a very important role in the following analysis.
(a) 3mm Round (b) 5mm Round (c) 3mm Flat (d) 5mm Flat
Figure 19. Membrane spectra contour for α = 2◦ for four diﬀerent leading and trailing edges
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(a) 3mm Round (b) 5mm Round (c) 3mm Flat (d) 5mm Flat
Figure 20. Membrane spectra contour for α = 4◦ for four diﬀerent leading and trailing edges
(a) 3mm Round (b) 5mm Round (c) 3mm Flat (d) 5mm Flat
Figure 21. Membrane spectra contour for α = 6◦ for four diﬀerent leading and trailing edges
(a) 3mm Round (b) 5mm Round (c) 3mm Flat (d) 5mm Flat
Figure 22. Membrane spectra contour for α = 8◦ for four diﬀerent leading and trailing edges
(a) 3mm Round (b) 5mm Round (c) 3mm Flat (d) 5mm Flat
Figure 23. Membrane spectra contour for α = 10◦ for four diﬀerent leading and trailing edges
(a) 3mm Round (b) 5mm Round (c) 3mm Flat (d) 5mm Flat
Figure 24. Membrane spectra contour for α = 12◦ for four diﬀerent leading and trailing edges
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(a) 3mm Round (b) 5mm Round (c) 3mm Flat (d) 5mm Flat
Figure 25. Membrane spectra contour for α = 14◦ for four diﬀerent leading and trailing edges
The results obtained are presented in table 2. Note that the frequencies obtained have been normalised
to ease comparison. For each geometry the values from left to right are as follows, no membrane weight, half
membrane weight, whole membrane weight.
Table 2. Natural frequencies, St, of vibration of the leading-and-trailing edge, Modes 1 ∼ 5
Mode 3mm Flat 5mm Flat 3mm Round 5mm Round
1 0.33− 0.28− 0.24 0.33− 0.29− 0.27 1.89− 1.84− 1.80 3.15− 3.12− 3.09
2 1.33− 1.11− 0.97 1.33− 1.18− 1.07 7.58− 7.37− 7.17 12.63− 12.49− 12.36
3 2.99− 2.49− 2.18 2.99− 2.65− 2.41 17.04− 16.57− 16.13 28.40− 28.09− 27.79
4 5.33− 4.43− 3.88 5.33− 4.70− 4.28 30.53− 29.48− 28.71 50.52− 49.98− 49.45
5 8.33− 6.63− 6.06 8.33− 7.38− 6.70 47.40− 46.09− 44.88 78.99− 78.13− 77.31
From table 2 it can be seen that the support’s natural frequencies for the ﬁrst ﬁve modes of both ﬂat
geometries are well within the bounds of the membrane’s frequency range of vibration. That is not the case
for the supports with circular cross-section for which only the ﬁrst two modes for the 3mm round geometry
and the ﬁrst mode for the 5mm round are within the membrane’s frequency range of vibration.
Figures 19(c) to 25(c) and 19(d) to 25(d) show that both ﬂat geometries experience high coupling between
the leading-and-trailing edge supports and the membrane. In other words, the horizontal stripes which
energise the whole chord length have been found to coincide with the leading and trailing edge natural
modes of vibration (see table 2).
More speciﬁcally, for the 3mm ﬂat support at α = 2◦, ﬁgure 19(c), the leading-and-trailing edge’s fourth
mode, St ≈ 4.2, can be seen to be energised. At α = 4◦, ﬁgure 20(c), both the second mode, St ≈ 1.2 and
third mode,St ≈ 2.55, of the leading-and-trailing edge supports are being energised throughout the whole
chord length. These same modes are energised even further as the membrane is brought to α = 6◦ and
α = 8◦ (ﬁgures 21(c) and 22(c) ). At α = 10◦ the membrane oscillations increase substantially. Moreover, if
plotted in a diﬀerent colour scale range it can be seen that there is a peak frequency throughout the chord
at St ≈ 3 corresponding to the third mode. At α = 12◦ the chord is fully energised at frequencies St ≈ 1.3,
St ≈ 2.8 and St ≈ 4.4, corresponding to modes 2, 3 and 4 respectively. Finally, at α = 14◦ the second mode
ceases to be energised, but the ﬁfth mode is excited together with modes three and four.
If ﬁgures 19(d) to 25(d) are observed it can be seen that at α = 2◦, ﬁgure 19(d), three modes are
energised. These are, from strongest to weakest, the 2nd, the 3rd and the 4th modes. The same modes are
energised when the angle of attack is increased to 4◦; however, the energy in the 3rd and 4th modes increases
whereas the 2nd mode is mainly energised at the rear half of the membrane suggesting that only the trailing
edge was experiencing resonance under that mode. Thisindicates that the support’s vibration might be also
coupled with the vortex frequency shedding. At α = 6◦, ﬁgure 21(d), the main mode energised is the 3rd,
St ≈ 2.5. As angle of attack is increased mode 3 becomes more energised and mode 2 reappears. Moreover,
at α = 10◦, ﬁgure 23(d), modes 2 and 3 are highly energised and mode 4 starts to appear.
As the angle of attack is increased the whole membrane becomes more energised making it harder to
decouple the vibrations caused by the support’s natural frequencies and those caused only by aerodynamic
eﬀects. However, both α = 12◦ and α = 14◦(ﬁgures 24(d) and 25(d)) display two regions for which the whole
chord is energised. One corresponding to the second mode and one to the third mode.
Furthermore, since the energy for both ﬂat geometries is mainly concentrated near the trailing edge it
can be deduced that membrane-support coupling is greater at the trailing edge than at the leading edge.
This becomes more pronounced as α increases. We argue that this is because the ﬂow is separated at the
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trailing edge so the support is not only excited by the membrane vibration but also by the vortex shedding.
Note that the maximum vortex shedding frequency range for angles of attack studied is 0.5 ≤ St ≤ 5.2.
Being also in the range of the natural frequencies of the supports.
On the other hand, round cases at low angles of attack do not show any sign of interaction between
the leading-and-trailing edges natural frequencies and the membrane vibration. However, for the membrane
supported by the 3mm round leading-and-trailing edges, as angle of attack increases the ﬁrst natural fre-
quency mode of the support starts to become apparent. Moreover, ﬁgures 19(a) and 23(a) show that the
membrane starts vibrating close to the natural frequency of the support and as incidence is increased the
membrane vibration frequency tends to the natural frequency of the support until the support’s ﬁrst mode
is fully excited at α ≈ 10◦.
The membrane with the 5mm round geometry displays an interesting behaviour for low angles of attack,
2◦ ≤ α ≤ 4◦. It opposes the trend of the other 3 geometries studied and shows more energy near the leading
edge than the trailing edge. This might be due to the existence of a leading edge separation bubble. At a
higher incidence the vibration caused by the leading edge separation bubble would be overwhelmed by the
vibration on the membrane caused by the separation at the trailing edge. Note that for the 5mm round no
coupling has been found between the membrane and the support.
Finally, the static bending of the leading and trailing edges should also be considered. Firstly, recall that
both bending and deﬂection are a function of Young’s modulus, area moment of inertia and cross-section
area, f(E, I,A). In our study the Young’s modulus is the same for all leading-and-trailing edges tested, I
and A, are not. Bending stiﬀness can therefore be predicted by the magnitude of the area moment of inertia,
I. The higher its value the stiﬀer the section. Therefore, it can be seen that the ﬂat geometries, which have
an I two orders of magnitude lower than the circular cross-section geometries, are much more likely to bend
and experience noticeable deﬂections than the round leading-and-trailing edges. Moreover, the bending of
the leading-and-trailing edge supports will also aﬀect the membrane-support interaction. In other words, a
pre-strained initial position of the support will result in larger amplitude vibrations.
IV. Conclusions
In conclusion, the wake characteristics for angles of attack between 2◦ and 22◦ for four diﬀerent leading-
and-trailing edges at a constant chord based Reynolds number of 9× 104 has been studied. The results have
shown that the wake proﬁle becomes broader as the incidence is increased regardless of the leading-and-
trailing edge geometry studied. However, the maximum wake deﬁcit value and location have been found to
be highly dependent on the leading-and-trailing edge geometries. The wake produced by the round leading-
and-trailing edge models displaces more on the vertical direction and at a higher rate than the wake produced
by the ﬂat leading-and-trailing edge models. The wake produced by the models with leading-and-trailing
edge geometries of 3mm have been seen to produce smaller wakes than their 5mm pairs. This is because the
smaller size in leading-and-trailing edge geometry results in a more streamlined body; therefore, the vortices
shed are smaller. In addition, it has been seen that larger leading-and-trailing edges, i.e. 5mm, result in a
broadening of the wake at a lower α, since the larger membrane support encourages separation at a earlier
stage.
The Strouhal numbers of the wake found have shown consistency with the previous studies by Rojrasirikul
et al.14 They have also shown that for high α the membrane has the shedding characteristics of a fully stalled
rigid aerofoil, Fage and Johansen.15 The wake characteristics for low angles of attack have been found to
be highly aﬀected by the leading-and-trailing edge geometry. Nonetheless, as angle of attack increases the
wake characteristics become less dependent on the support’s geometry, eventually reaching a point in which
they are fully independent of it.
The spectral characteristics of the wake have been further studied by comparing a series of 2D spectro-
grams for a range of angles of attack, 2◦ ∼ 22◦, for four diﬀerent leading-and-trailing edge geometries. The
results have shown that round leading-and-trailing edges produce broader wakes.
The membrane shape and vibrations have also been studied by obtaining camber proﬁles at mid-span
via DLT for a range of incidences, 2◦ ∼ 14◦, for four diﬀerent leading-and-trailing edges.
The mean camber has been found to experience larger deﬂections when the membrane was supported
by ﬂat leading-and-trailing edges. This has been seen to be due to the low bending stiﬀness of rectangular
cross sections which results in noticeable bending of the leading-and-trailing edges, especially at high α.
This, when coupled with an excited ﬁrst mode of the natural frequency of the support, results in large
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amplitude vibrations aﬀecting not only the membrane but also the leading-and-trailing edge supports. Hence,
introducing a bias in the data obtained due to the large vertical displacement of the supports at mid span.
The chord-wise location of the point of maximum camber has been found to be hardly aﬀected by α
for parabolically deﬂected membranes. Note that round edges have been found to exhibit S-shape camber
deformation for low incidences, 2◦ ≤ α ≤ 4◦.
Two-dimensional spectrograms of the membrane have also been compared for a range of angles of attack,
2◦ ∼ 14◦, and leading-and-trailing edge geometries. These have shown that the 3mm size leading-and-
trailing edges exhibit a more energised membrane which vibrates at a broader range of frequencies. The
modes displaced by the membrane as well as its energy content have been found to increase with α.
The region near the trailing edge has been seen to be the more energised one for all the geometries.
This study suggests that this is due to the coupling between the vortex shedding as well as the membrane
vibration with the natural frequencies of the trailing edge support. The results have also shown that static
bending of the leading-and-trailing edge if coupled with an energised mode of the natural frequency of the
support results in large amplitude vibrations.
Finally, these observations clearly demonstrate the importance of the leading and trailing edge geometry
not only to the wake structure but also to the structural vibrations. This has signiﬁcant implications for
future work as it is no longer suﬃcient to investigate ﬂow over a membrane wing by deﬁning aerodynamic
parameters (α or Re), and the structural parameters (pretension, 0, membrane rigidity Et). Instead, the
exact nature of the boundary conditions, i.e. the trailing and leading edge characteristics, have to be also
clearly deﬁned.
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